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VHZHU QHWZRUNV DQG ODUJH DUHDV RI WUHDWPHQW SODQWV ZKLFK GHIRUP WKH QDWXUDO ODQGVFDSHV DQG LV H[SHQVLYH WR RSHUDWH
2UJDQL]DWLRQRIORFDOUHF\FOLQJRIRUJDQLFZDVWHLVFUXFLDOO\LPSRUWDQWDWFUHDWLRQRIQHZXUEDQREMHFWVVDWLVI\LQJWKHSULQFLSOHRI
ELRVSKHUH FRPSDWLELOLW\ ,Q DGGLWLRQ LW VKRXOG EH QRWHG WKDW ZLWK WKH ULVLQJ RI EXLOGLQJ WDOOQHVV LQPRGHUQ FLWLHV WKH XVH RI
FHQWUDOL]HG ZDWHU V\VWHPV OHDGV WR H[FHVVLYH RYHUUXQV RI HOHFWULFLW\ E\ SXPSLQJ HTXLSPHQW WKHUHIRUH WKH ORFDO HIIOXHQW
UHJHQHUDWLRQ V\VWHPV LV WKH RSWLPDO VROXWLRQ IRU VN\VFUDSHUV 0DNLQJ D VWDUW IURP VXFFHVVIXO GHVLJQ H[SHULHQFH RI FORVHG
HFRORJLFDOOLIHVXSSRUWV\VWHPVZKLFKZHUHLQLWLDOO\FUHDWHGIRUORQJGXUDWLRQVSDFHIOLJKWVRXUUHVHDUFKLPSOHPHQWVWKHLGHDWR

















2QHRI WKHELJJHVWSUREOHPVRIPHJDORSROLVHV LV WKHKXPDQRUJDQLFZDVWHGLVSRVDO$FFRUGLQJ WR WKH81 WKH








+RZHYHU VXFK RUJDQL]DWLRQ RI SURFHVV KDV VLGH HIIHFWV )LUVWO\ LW LV WKH SRVVLELOLW\ RI RFFXUUHQFH RI HQRUPRXV
HQYLURQPHQWDO GDPDJH LQ FDVH DQ LQFLGHQW DW WKH FHQWUDO WUHDWPHQWSODQW6HFRQGO\ WKHQHHG IRU FRQVWUXFWLRQ DQG
PDLQWHQDQFHRIVHZHUOLQHVRIODUJHOHQJWKVRPHSUREDELOLW\RIGHIHFWVRIVHZHUDJHLQWHJULW\DQGXQWUHDWHGVHZDJH
OHDNDJH 7KLUGO\ WUHDWPHQW IDFLOLWLHV RFFXS\ ODUJH DUHDV GHIRUPLQJ WKH QDWXUDO ODQGVFDSHV $GGLWLRQDOO\ DV
PHQWLRQHGFXUUHQW WUHDWPHQW WHFKQRORJLHVDUHKLJKO\HQHUJ\LQWHQVLYH/HWXVJLYHVRPHRI WKHILJXUHVZKLFKDUH











:HPDNHDVWDUWIURPWKHH[SHULHQFHRIFUHDWLRQRI WKHFORVHGORRSELRORJLFDO OLIHVXSSRUWV\VWHPV/66V WKDW
LQLWLDOO\ZDVEHLQJGHYHORSHGIRUORQJWHUPVSDFHIOLJKWV1RRWKHUILHOGRIVFLHQFHKDVLQIOXHQFHGLPDJLQDWLRQDQG
YLVLRQPRUH WKDQ WKH UHVHDUFK DQG RXWFRPHV UHODWHG WR VSDFH H[SORUDWLRQ HLWKHU LW LV LQ WHUPV RI VFLHQFH IDFW RU
VFLHQFH ILFWLRQ$QDO\VLVRI WKHRSSRUWXQLWLHV DQGSURVSHFWVRIXVLQJYDULRXV VSDFH WHFKQRORJLHV IRUGHVLJQLQJ WKH
V\VWHPVRQ WKH(DUWK WKDWPD\EHGHVFULEHGDVEHLQJVXVWDLQDEOHKDVEHHQJLYHQE\>@ ,Q WKHVVRI WKH ODVW
FHQWXU\E\DVHULHVRIVXFFHVVIXOH[SHULPHQWVZLWKVXFKNLQGRIV\VWHPVWKHSRVVLELOLW\WREXLOGDQDUWLILFLDOFORVHG
HFRV\VWHP IXOO\ XWLOL]LQJ KXPDQ ZDVWH ZDV SURYHG > @ :H GHYHORS WKH LGHD WR DSSO\ WKLV DSSURDFK WR WKH
ZDVWHZDWHUWUHDWPHQWV\VWHPVIRUWHUUHVWULDOFRQXUEDWLRQV
7KH3URMHFW&RQFHSW
2EYLRXVO\ WKH LPSOHPHQWDWLRQ RI WKH LGHD RI FORVHG ZDVWHZDWHU XWLOL]DWLRQ V\VWHPV VLPLODU WR ELRORJLFDO OLIH
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FRUHRIV\VWHP,Q WKLVFDVH LW LVSRVVLEOH WRFRQVLGHURXU WUHDWPHQWSODQWDVDVHWRIDUWLILFLDODTXDWLFHFRV\VWHPV
&RPSRQHQWV RI DTXDWLF HFRV\VWHPV DUH QRW GLIIHUHQW IXQFWLRQDOO\ IURP WKH FRPSRQHQWV RI WHUUHVWULDO HFRV\VWHPV
+RZHYHUWKHUHDUHVRPHIHDWXUHV2UJDQLVPVLQWKHZDWHUELRFKHPLFDOO\DUHFORVHO\UHODWHGWRWKHLUHQYLURQPHQWDQG
GHSHQGRQWKHFRQFHQWUDWLRQRIVROXEOHVXEVWDQFHV'XHWRWKHZDWHUGHQVLW\ZKLFKLVFRQVLGHUDEO\JUHDWHUWKDQRI
DLU PDQ\ DTXDWLF RUJDQLVPV DUH IUHHIORDWLQJ 7KH ZDWHU FRQVLVWV RI VSDWLDOGLVWULEXWHG VXVSHQGHG VXEVWDQFHV
PLFURDOJDH DQG PLFUREHV 7KH ZDWHU DOVR FUHDWHV WKH SRVVLELOLW\ RI ELRFKHPLFDO OLQNV EHWZHHQ FRPPXQLWLHV RI
K\GURELRQWVWKURXJKWKHDOORFDWLRQRIPDQ\RUJDQLVPVR[\JHQFDUERQGLR[LGHDQGYDULRXVPHWDEROLFSURGXFWVLQWR
WKHZDWHU 7KHVH VXEVWDQFHV WR[LF RU RQ WKH FRQWUDU\ VWLPXODWLQJ RWKHU RUJDQLVPV IRUP WKH QHWZRUN E\ZKLFK
RUJDQLVPV DUH FRQQHFWHG LPSOLFLWO\ZLWKRXW GLUHFW FRQWDFW 7KLV IHDWXUH RI DTXDWLF HFRV\VWHPV DOORZV GHVFULELQJ
WKHLUSURFHVVHVTXLWHHIILFLHQWO\YLD WKH ODZVRI PDWWHUFRQVHUYDWLRQ LQ WKHIRUPRI5HDFWLRQ$GYHFWLRQ'LIIXVLRQ
HTXDWLRQV $V D UHVXOW ZH KDYH DQ HIIHFWLYH WRRO WR FUHDWH D UHOLDEOH V\VWHP IRU PRQLWRULQJ DQG FRQWURO 7KH
IXQFWLRQDOGLDJUDPRIWKHPRGHO0LFURDOJDH+XPDQ0LQHUDOL]DWLRQLVVKRZQLQ)LJ7KHGLDJUDPKDVDVLPSOLILHG
IRUPEXWUHIOHFWVWKHPDLQVWUHDPVRIPDWWHU





























6WDELOLW\ DQG UHOLDELOLW\ RI WKH VWUXFWXUH0LFURDOJDH+XPDQ0LQHUDOL]DWLRQ LV LPSOHPHQWHG E\ FRQWUROOHG IORZ




2UJDQLF VXEVWDQFHV DUH R[LGL]HG LQ WKH PLQHUDOL]HU  PDLQO\ GXH WR R[\JHQ ZKLFK LV IRUPHG LQ WKH
















KDVHVSHFLDOO\ LPSRUWDQW UHDVRQV LQ WKHFRQVWUXFWLRQRIKLJKULVHEXLOGLQJV 1RZDGD\VSURMHFWVRIQHZJHQHUDWLRQ
EXLOGLQJV LQWHQGHG WR  WKRXVDQG LQKDELWDQWV DUH EHLQJ GHYHORSHG DFWLYHO\ /HW XV XVLQJ WKH QDPH RI WKH
IDPRXV&KLQHVH SURMHFW >@ FDOO WKHP6N\&LW\OLNH&RQVWUXFWLQJ VXFKNLQGRIEXLOGLQJVZLWKLQ WKH IUDPHRI WKH
DOUHDG\HVWDEOLVKHGPHJDORSROLVLQIUDVWUXFWXUH OHDGVWRVXEVWDQWLDO LQFUHDVHRISRSXODWLRQGHQVLW\DQGKHQFHRIWKH















IXHOV$VDVRXUFHRI UDZPDWHULDOV IRUELRIXHOXVHDOVRGLIIHUHQWFURSVFRUQZKHDW MDWURSKD UDSHVHHGRLOSDOP
VXQIORZHUPLVFDQWKXVDQGHWF+RZHYHUWKHLUXVHLVDVVRFLDWHGZLWKJUHDWGLIILFXOWLHVDVLWUHTXLUHVDVLJQLILFDQW






7KXV WKH LQWURGXFWLRQRIQHZWUHDWPHQWSODQWVRQ WKHEDVLVRISKRWRUHDFWRUVKDVERWKHFRORJLFDODQGHFRQRPLF
EHQHILWV +RZHYHU LW VKRXOG EH QRWHG WKDW WKHUH DUH VHYHUDO GHEDWDEOH PRPHQWV UHODWLQJ WR WKH YLDELOLW\ RI WKH








:DWHUFRQVXPHGGLUHFWO\ IRUGULQNLQJDQGIRRG LVRQO\D VPDOOSDUWRI LWV WRWDO UDWH$OVR LUUHFRYHUDEOH ORVVHVRI
ZDWHU IURP WKHV\VWHPKDYH WREHFRPSHQVDWHG7RWDOO\D UHVHUYHZDWHUGHOLYHU\ IURP WKHFLW\ZDWHU VXSSO\ZLOO
KDYHWRUHSOHQLVKRQO\RIDOOZDWHUFRQVXPSWLRQYROXPHDFFRUGLQJWRH[SHULHQFHH[SORLWDWLRQRIELRORJLFDO
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LQFOXGHV HOHPHQWV GHVFULELQJ FRQFHQWUDWLRQV RI ELRJHQV iS %2' &2' DPPRQLD QLWURJHQ QLWUDWHV SKRVSKDWHV
R[\JHQFDUERQGLR[LGHFHOOTXRWDVDQGFRQFHQWUDWLRQVRIGLIIHUHQWNLQGVRIPLFURRUJDQLVPV iX GLIIHUHQWNLQGVRI






DSSURDFKHV WR WKH GHVFULSWLRQ RI WKH UHDFWLRQ PHPEHU 1DPHO\ 0RQRG IXQFWLRQV >@ ZKLFK DUH VXLWDEOH IRU
FKHPRVWDWOLNH V\VWHPV ZKHUH JURZWK UDWH RI PLFURRUJDQLVPV LV OLPLWHG E\ WKH VXEVWUDWH FRQFHQWUDWLRQ PRUH
FRPSOH[ IXQFWLRQV WDNLQJ LQWR DFFRXQW WKH FRQFHQWUDWLRQ RI LQWUDFHOOXODU UHVRXUFHV >@ >@ 1RZDGD\V IRU
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G\QDPLF PRGHOLQJ RI ELRORJLFDO WUHDWPHQW IDFLOLWLHV PLQHUDOLVHUV GLIIHUHQW VRIWZDUH DUH XVHG *36;:(67
672$7HWFZKLFKDUHXVXDOO\EXLOWRQVWDQGDUGPRGHOVZLWKDFWLYDWHGVOXGJH$60$FWLYH6OXGJH0RGHO>
@+RZHYHULWVKRXOGEHQRWHGWKDWDWWKHPRPHQWWKHUHDUHQRXQLYHUVDODSSURDFKHVDQGWKHPHWKRGVGHVFULEHG
DERYHFDQEHRQO\DSSOLHGWRDFHUWDLQQDUURZFODVVRISUREOHPV:HEHOLHYHWKDW LW LVDSSURSULDWH WRXVHD OLQHDU
FRPELQDWLRQRIUDGLDOEDVLVIXQFWLRQVIRUUHDFWLRQWHUPVHWWLQJ$FFRUGLQJWRWKHSULQFLSOHRIOLPLWLQJIDFWRUV>@
DQGWKHODZRIFXPXODWLYHHIIHFWVRIIDFWRUV>@)RUHYHU\OLYLQJRUJDQLVPWKHUHLVDQHQYLURQPHQWDOQLFKH
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ZKHUHZLWKLQWKHiWKELRFKHPLFDOSURFHVV PD[ijμ LVWKHPD[LPXPJURZWKUDWHRIWKHPLFURRUJDQLVP jɏ  i jXΩ LV
WKHVHWRIVXEVWDQFHVDIIHFWLQJFKDQJHLQWKHFRQFHQWUDWLRQRIPLFURRUJDQLVP jɏ 

i j kS LVWKHRSWLPXPYDOXHRIWKH
FRQFHQWUDWLRQ kS ZKLFK SURYLGHV WKH PD[LPXP JURZWK UDWH RI WKH PLFURRUJDQLVP jɏ  i j kσ LV WKH UDGLXV RI
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LQ WKH DOJRULWKPVROYLQJ WKHSUREOHP   IRU FRUUHFWLRQRIW E\ WKHXVHRI UDGLDOEDVLVQHXUDO QHWZRUNV ,W LV
SRVVLEOH WRGRRQ WKHEDVHRI DQ DGGLWLRQDO VRIWZDUH DVZHOO DVZLWKXVLQJ D VSHFLDOL]HGKDUGZDUHFKLS ,W LV DOVR
LPSRUWDQW WRQRWH WKDW WKHSURSRVHGPDWKHPDWLFDOPRGHO WDNHV LQWRDFFRXQW WKH LQKLELWLRQRIHQ]\PDWLFSURFHVVHV
DQGWKHUHIRUHLVDSSOLFDEOHIRUGHVFULELQJWKHWULJJHUSURFHVV>@

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ZKHUHP LVWKHYHFWRUZKLFKFRPSRQHQWVDUHFRUUHVSRQGLQJRIHOHPHQWVRIYHFWRUIDQGHTXDOWRRQHLQVRXUFHV
DUHDV DQG]HUR±RWKHUZLVH  LV WKH VFDODUSURGXFWRI D VHOHFWHG IXQFWLRQ VSDFH abF LV WKH VHWRI DGPLVVLEOH
FRQWUROV 7KH FRQVWUDLQWV DUH ILUVWO\ HTXDWLRQV    ZLWK LQLWLDO ERXQGDU\ DQG JOXLQJ FRQGLWLRQV VHFRQGO\ LV
FRQVWUDLQWV RQ ZDWHU TXDOLW\ LQ VLJQLILFDQW DUHDV DW WKH OLTXLG
V H[LW SRLQW IURP HDFK RI WKH GHYLFHV 7KXV VWDWH
YDULDEOHFRQVWUDLQWVDUH
&
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&RQFOXVLRQ
7KH SDSHU GHYHORSV WKH LGHD RI FORVHG ELRORJLFDOZDVWHZDWHU XWLOL]DWLRQ V\VWHPV 7KLVZRUN UHSUHVHQWV WR WKH
DXWKRUV¶EHVWNQRZOHGJHWKHILUVWDSSOLFDWLRQRIWKHRU\RIRSWLPDOFRQWURORIPXWWHUDQGPRPHQWXPFRQVHUYDWLRQV
ODZVIRUPXODWHGDVSDUWLDOGLIIHUHQWLDOHTXDWLRQVWRSUREOHPRIUHJXODWLRQRIZRUNRIFORVHGORRSWUHDWPHQWIDFLOLWLHV
)XUWKHU D FRQWUROOHG FORVHGORRSSXULILFDWLRQ V\VWHPV FDQEH LQWHJUDWHG LQ D EXLOGLQJ WKURXJK WKH VHOIVXVWDLQLQJ
LQWHUFKDQJHDEOH DQG VWDQGDUGL]HG SODWIRUPV WKH VRFDOOHG PDLQERDUGLQVSLUHG RQHV VLWXDWHG EHQHDWK D PRGXODU
KRPH DQG FRQWUROOLQJ DOO ZDWHU LQVWDOOPHQWV DQG HQHUJ\ FRPSRQHQWV QHHGHG IRU D KRXVHKROG WKDW DUH EHLQJ
GHYHORSHGE\>@ ,Q VSLWHRIDGGLWLRQDO LQYHVWPHQWV LQ WKHFRQVWUXFWLRQSKDVHRISURMHFWV UHODWHG WR WKHQHHGIRU
DGGLWLRQDO HTXLSPHQW DQG LWV LQVWDOODWLRQ WKH WRWDO FRVWV ZLOO EH ORZHU WKDQ WUDGLWLRQDO VROXWLRQV )XUWKHUPRUH
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